ABSTRACT: Silicon detectors are often used in High Energy Physics (HEP) experiments as tracking and vertexing devices. Many scientific institutes are equipped with setups able to electrically characterize those detectors e.g. for quality assurance reasons. Such probe stations can be easily extended to measure resistivities and doping profiles in the bulk material and in doped regions by using the Spreading Resistance Probe (SRP) technique. After an introduction to the method, this paper describes how an existing probe station, that has been used for electrical measurements on strip detectors, has been modified to perform SRP measurements. The presented results prove that the method is reliable and capable of characterizing doping regions as thin as one micron. Beside profiling implants, SRP measurements have the potential to deliver the basis for investigations of bulk material defects in heavily irradiated samples.
Introduction
Silicon detectors for High Energy Physics (HEP) experiments usually consist of a fully depleted bulk material with a thickness of a few hundred microns, and of different shallow structures on top and bottom of the device. Corresponding to their functionality, different kinds of implants are used on each side of the sensor. The surface implants are highly concentrated up to 10 19 N/cm 3 and build the main p-n junction in a depth of typically one to three microns. After irradiation and the possible type inversion of the low resistivity bulk material, this p-n junction may become ineffective. Hence the complete backside of the sensor is highly doped with a concentration of up to 10 20 N/cm 3 to deliver an alternative junction and to guarantee a good backside contact. A typical cross section of a single sided silicon strip detector is shown in figure 1 .
The knowledge of these doping profiles is important for device simulations and for investigations on radiation induced defects. The full depletion voltage and the charge-collection efficiency of a sensor depend on these profiles in the same way as the propagation of the space charge region. One powerful tool to determine such profiles is the Spreading Resistance Probe (SRP) technique.
Originally, the SRP technique has been introduced in 1966 by Mazur and Dickey to measure deep profiles of electrically active dopants in silicon [1] . Subsequently, the technique became widely used in production lines of the semiconductor industry for process control and development. As microelectronic devices became standard and as the junction depths have been minimized, the SRP technique has been enhanced in order to characterize shallower junctions. The shallower the produced profiles became the more attention had to be paid to the intrinsically comparative nature of these measurements, and a variety of correction factors has been introduced. Substantial improvements have been achieved in the area of calibration. Hence profiling ultra-shallow implants requires sophisticated data interpretation and correction algorithms to deliver quantitative data.
The common semiconductor radiation sensors in HEP have implants with a junction depth of several microns [2] Therefore these corrections can be neglected. Usually only a qualitative knowledge of the profiles is required for device simulations or for the investigation of radiation induced defects. Reasonable results can be achieved by performing SRP measurements with standard HEP equipment.
At most HEP institutes dedicated probe stations are used to characterize the sensors and to perform measurements on specific structures with dimensions of a few microns [3] . The sensor surface typically consists of various identical structures, which are contacted in turn by moving either the whole sensor or the probe needles. This paper presents how a typical probe station can be enhanced with limited effort to perform SRP measurements. The measurements on implants, which are typical for HEP detectors, can be accomplished with adequate accuracy. Two classes of implants, shallow surface implants with a junction depth of around one micron and deep backside implants, penetrating several tens of microns, can be clearly distinguished.
In this paper, measurements on samples of both classes are presented and are compared with the analysis conducted by a commercial company (section 4). It is demonstrated that data of suitable quality can be easily obtained by correctly considering the theoretical background (section 2) and by paying attention to some technical details of the measurement (section 3).
The Theory of Spreading Resistance Probe Measurements
Although the theoretical background of SRP measurements is rather complicated it is shown that simple methods are sufficient to reach reliable results. In the following chapters it is described how the resistance is measured and converted to resistivities, which is very critical, and -depending on the profile -a big calibration effort may be required. Using published standards [4] it is finally straight-forward to extract the concentration depth profile of the charge carriers n(x i ) and hence the profile of electrically active dopants.
The Basic Principle and Theoretical Background
The concept of SRP measurements is illustrated in figure 2 . After the sample has been grinded under a specific angle, two carefully aligned probes are stepped along the bevelled semiconductor surface to measure the resistance at each position. For small contact radii a and closely arranged probes the measured resistance R meas will be dominated by current spreading effects. The resistance generated by current spreading R sp is highly sensitive to the local material resistivity, and is used to calculate a depth profile of resistivities ρ(x i ) at each position x i . Figure 2 . Two carefully aligned probes are stepped along a bevelled surface for resistance measurements (left). R sp is generated by current spreading due to small contact radii a in contrast to the linear resistance R lin generated by a uniform current flow (right).
The measured resistance R meas consists of the resistance of the setup R set , including the probes, the resistance generated by linear current flow between the probe tips R lin , the contact or barrier resistance R bar , and of R sp :
Usually only one term is dominating. At SRP measurements R set can be easily determined and R lin becomes negligible for small probe spacings S and for small contact radii a. If S equals about five times a, at least 80% of R meas occur due to current spreading [5] . The influence of R bar can be evaluated by calibration. Finally, only the spreading resistance is left to determine the profile.
Nevertheless R sp may need to be corrected for non-homogeneously doped samples, especially in the case of shallow junctions and high concentration gradients. As illustrated in figure 3 , the current penetrates through several layers of different resistivities, which results in an effective value of R sp averaged over all multilayer. Therefore a multilayer correction factor CF is applied to calculate the resistivity at each position x [6] . Considering the complete resistivity profile ρ(x j ) the spreading resistance reads 1 :
In many cases, an approximation for almost homogeneously doped, planar silicon with resistivity ρ and two circular ohmic contacts can be used. In order to take into account the influence of high pressure, penetrating, non-ideal ohmic contacts, the physical radius a is replaced by a calibrated electrical radius. Therefore CF equals one, and the equation 2.2 transforms into [8] : Figure 3 . The correction factor CF varies depending on the resistivity of the layer underneath. The schematic current flow is shown for the insulating (left), the homogeneous (middle), and the conducting case (right).
The Calibration Problem
The multilayer correction factor strongly changes for different profiles and measurement conditions. For profiles varying from 5 to 10 µm per a decade of concentration, measured with common contact radii, CF becomes one [7] . On the other hand the influence of the correction factor can be reduced by aligning the probes closely, hence reducing S and minimizing the contact radius, resulting in an increased R sp . Usually a probe separation down to 40 µm is possible, even with the presented method. The loaded weight has to be sufficiently high to penetrate through the native oxide and to create a body-centred tetragonal β -tin Si(II) phase immediately underneath the probe tips [9] . A local pressure of 12 GPa is required to fulfil these demands, this corresponds to 4 to 8 g for common probe radii. Significantly higher loads are not advisable because they cause larger probe radii by penetrating through several layers of different resistivity. Depending on the kind of profile, different calibration procedures should be used. Recently produced silicon strip sensors, which are exposed to strong irradiation, are featured with backside implants with junction depths up to 200 µm. These deep-diffused implants strongly influence the performance of the sensor. As it was shown in [1] , samples with little variations in depth have a correction factor of one. That means that a calibration curve, derived from a set of homogeneously doped reference samples covering the resistivity range of interest, can be directly converted. In case no calibration samples are available, a less accurate alternative to calculate the resistivity could be the calibration of a from the bulk resistivity and the use of R sp = ρ 2a (eq. 2.2). The bulk resistivity and even small parts of the backside profile can be easily determined by capacitance-voltage measurements [5] .
For rather shallow front side profiles some additional cross checks have to be done. Beside the concentration gradient, also the quality of the required data determines the suitability of the measurement. For layer shallower than approximately 1 µm, CF should be taken into account [10] . Otherwise one has to accept deviations in the resulting profile. The influence of CF can be estimated by comparing the electrically measured sheet resistance R sh of the implant to the one resulting from a SRP measurement using equation 2.2. R sh of shallow implants can be easily determined, e.g. by Four-Point Probe (FPP) measurements [11] . Considering that R sh is defined as the average of the sheet resistances for each sub layer ρ s (x i ) of the thickness ∆x i the total sheet resistance is expressed by:
The Conversion to the Charge Carrier Concentration
The mobility of free charge carriers in silicon stays constant over a wide range of concentrations. At high concentrations the coulomb force and the lattice defects by dopant atoms become dominant, and the mobility has to be expressed as a function of the concentration µ (N(x) ). Assuming that all dopants are activated, hence the concentration of charge carriers n(x) equals the one of dopants N(x), the charge carrier concentration can be calculated as:
Therefore textbook formulas can be used to calculate the corresponding concentration [4] for each resistivity. It should be noted that the knowledge of N(x), e.g. by knowing the dose of deposited dopants, enables measurements of the mobility. Finally a comparison of n(x) with the known value of N(x) provides a measurement for the degree of electrical activation or insights in the radiation induced defects.
The Measurement Procedure
First, the setup is presented including details of the equipment used to perform the SRP measurement. In the following chapters the sample preparation, the data calculation, and the evaluation of the data are described.
The Equipment
The SRP measurement has been integrated into a custom-made probe station [3] , typically used by HEP institutes. The necessary elements were:
• A moveable table with a resolution of up to 0.5 µm, which is remotely controllable.
• Tungsten carbide probes with high hardness and small probe tips to penetrate the silicon oxide and to guarantee good electrical contacts.
• The probes are spring mounted at positioners in order to contact the surface very gently and reproducibly.
• An electronic weighing scale with serial or USB connection is used to reproduce probe marks with the same loaded weight at each position. The scale has a resolution of 1 mg and is the only device usually not available at probe stations.
• The resistance has been measured with low voltages up to some mV using a Keithely 237
Source Measurement Unit, with sub-pA resolution.
• A microscope is mandatory to guarantee an exact probe alignment.
• All elements have been controlled by Labview software.
• All measurements are performed inside a light-tight box equipped with temperature and humidity control.
Further instrumentation is used to evaluate and interpret the measurements after data collection. Although these elements are not integrated in common probe stations, they are often available at HEP institutes:
• A high-resolution dark field microscope is needed for inspecting the probe marks, to find the first contact point on the bevelled surface, and to evaluate the quality of the contacts.
• The bevel angle can be measured by the use of a commercial profilometer or a 3-D coordinate measurement machine.
The Sample Preparation
The bevel angle needs to match the expected junction depth and the required resolution. The angle has to be small enough to avoid overlapping probe marks, but it should be as large as possible to minimize the necessary surface and to guarantee a sharp bevel edge. Roughness or scratches on the sample surface imply increased noise for the measurements. The resolution ∆r results from the bevel angle α and the step size ∆y:
Passivation oxides on the original surface are preferred in order to avoid round bevel edges, which would result in distortions of the depth profile. Furthermore the R sp of the oxide is almost infinitely high and the first contact on the bevelled surface can be easily determined. In contrast to the oxide layers, aluminium layers should be removed to avoid contamination of the probe tips. The samples have been grinded and polished with commercial machines using diamond wheels with different grain sizes. Therefore the synthetic bevel block has been calibrated by simply grinding it with an angle adjustment of 0 • before mounting the sample on it with melted wax. Temperatures around 80 • C commonly occur during fixing the sample. The quality of the grinding process can be evaluated by inspecting the sharpness of the bevel edge. To minimize scratches a grinding sequence is followed. All scratches of the wheels applied in the preceding step have to be removed by the subsequent one. Hence one wheel of the sequence has to remove at least a layer with a thickness larger than the grain size of the previously applied wheel. The grain size decreases with each step and ends up at e.g. a few some 10 nm.
The Data Collection
All the measurements are performed inside the probe station box. The sample under investigation is mounted on the weighing scale while the positioners are placed on the moveable table, fixed by magnets on their bottom face ( fig. 4) . The probe tips are carefully aligned on the flat surface of the sample at a position some 10 steps before the bevel edge. The two probe tips should have a lateral distance of about 50 µm and they have to contact the surface with the same load. This can be achieved by measuring the weight during contacting one probe after the other. As soon as the load is distributed uniformly, the table can be lifted and the alignment is finished. Usually several attempts are needed, and the first measurement steps need to be carefully inspected to guarantee a good alignment. After the alignment is finished the measurement software is started, and the table is lowered by the program in steps of 1 µm while the loaded weight is measured after each step. As soon as the loaded weight deviates from the zero value, the z-position of the first contact is saved. Subsequently the load is increased until a first threshold value is reached. In figure 5 (a) the loaded weight is plotted versus the z-position of the table. Kinks in this diagram indicate a poor probe alignment. Furthermore the resistance is shown at each z-position. It can be seen that more than 1,5 g is needed to penetrate the native oxide, afterwards the resistance decreases due to increasing contact areas.
During the measurement the actual load is determined by averaging several weight measurements during one second. Then the resistance is measured by applying a small voltage between the probe tips and measuring the current. Voltages around 5 mV have been used to minimize the current and hence the contact resistance. Finally, the probes are lifted up by several 10 µm above the position of the first contact, the table moves horizontally by ∆y, and starts to lower again to the next measurement position. The procedure is repeated until the whole profile of interest is covered. The basic steps including the parameters are summarized in table 1.
Step Process Parameter Performed until 
The Measurement Evaluation
The quality of the probe marks can be optically inspected using a high-resolution dark field microscope ( fig. 6 ). This is also necessary to determine the first contact on the bevelled edge in the case that no passivation oxide was present on top of the silicon. The trace of a successful measurement normally consists of a large number of probe marks, where each on is built by closely spaced small micro contacts penetrating some 10 nm in depth. Characteristic peaks sometimes occurring in the resulting concentration profile can usually be explained by scratches at exactly these position on the surface. The coordinate measurement machine is used to remeasure the bevel angle α, and to provide corrections for calculating the depth profile. A well known problem of SRP measurements is a limited reproducibility [7] . Therefore two independent measurements have been performed on the same sample with different resolutions. The example in figure 5 (b) shows that both results agree quite well. Although there exists a variety of possible sources of errors, the measurements performed with these setup were stable and delivered reliable and useful data.
Typical Results
As discussed earlier, deep backside implant measurements and shallow front-side implant measurements have to be treated individually. To evaluate the measurement performance of the described measurements for both cases, one sample of each kind was compared to measurements done by a commercial company. The measurements performed at HEPHY have been calibrated to the bulk resistivity, by calculating a with equation 2.3. A bevel angle of 20 • was used for the backside implant, and approximately 0.5 • for the front side implant. The physical radius of the probe tips was 7 µm. In figure 8 and 7 the measured data are plotted without applying smoothing algorithm.
The measurement performed at HEPHY on a deep backside implant shows some peaks at smaller depth, but the trend matches very well the industry results used as reference. It can be clearly recognized that the resistance measured at HEPHY scales by a constant factor with respect to the reference measurement ( fig. 7 a) , while the concentration deviates especially at high concentrations ( fig. 7 b) . The reason for this is that for the reference measurement no constant correction factor was used and more effort has been put into calibration and data deconvolution. A very similar effect can be observed for the shallow front-side implant ( fig. 8 ). The sheet resistance, which has been measured with FPP methods of the sample matches well the one delivered by SRP, using equation 2.4. It should be noted that the n-strip and the p-bulk region require different mobility values for the calculation of the charge carrier concentrations. The depth of the change at approximately 2.3 µm has been set at the point where the resistivity becomes constant. 
Conclusions
In this paper a simple variant of Spreading Resistance Probe (SRP) measurements covering HEP demands is presented. It is shown that data with appropriate quality can be extracted by comparing the results with measurements performed by an established company. The procedure is aimed at preparing the technical base to introduce SRP measurements as a potential method to analyse doping profiles and defect distributions in strongly irradiated silicon sensors.
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